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ABSTRACT
The purpose of this study is to determine the effects o f eccentric hamstring fatigue 
on the ability to accurately reproduce different knee joint angles. Thirty-one males and 
29 females, 18-40 years old, were randomly assigned to treatment and control groups. 
Using the Biodex®, proprioceptive pretest and posttest measurements were taken having 
the blindfolded participant replicate predetermined angles of 25°, 45°, and 65°. The 
control group underwent a passive movement protocol and the treatment underwent a 
fatigue protocol. Data Analysis was performed using 2-tailed t-test comparing the means 
of pretest and posttest angle accuracy measurements for the control and treatment groups. 
Neither group showed a statistically significant difference in these measurements 
(p<0.05). Analysis of variance (ANOVA) was completed comparing pretest and posttest 
accuracy within angle category, gender, limb, angle order effect, and group. Results 
indicated statistical significance (p=0.002) in the angle category at 25° within the control 
group only.
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DEFINITION OF TERMS
Acuity: In relation to proprioception, the ability to reproduce a knee joint angle with 
precision or accuracy.
Agonist Muscle: A term used to define a muscle or muscle group being referenced.
g-f Alpha) Motor Neuron: Efferent or motor nerve supply to regular skeletal muscle.
Antagonist: A term used to define a muscle or muscle group that opposes the agonist 
muscle or muscle group.
Biodex®: A company name for an isokinetic testing system.
Closed-Kinetic Chain: A kinetic chain where the distal extremity remains relatively fixed 
and engages in partial or full weight-bearing activities. An example o f this would be 
during the stance phase of gait when the foot is in contract with the ground.
Concentric Muscle Contraction: An overall shortening of the muscle as it generates 
tension and contracts.
Eccentric Muscle Contraction: An overall lengthening of the muscle as it develops 
tension and contracts to control motion performed by an outside force. Negative work.
Fatigue: An inability to maintain a power output or force during repeated muscle 
contractions.
Y-fGamma) Motor Neuron: Efferent or motor nerve supply to the contractile end portions 
of spindle fiber.
Isokinetic Exercise: A form of active-resistive exercise in which the speed o f movement 
of the limb is controlled by a pre-set rate-limiting device. A term used synonymously 
with accommodating resistance exercise.
Open-Kinetic Chain: A kinetic chain where the distal extremity is freely moveable and 
non-weight bearing. An example of this would be during the swing phase of gait when 
the foot is off the ground.
Peak Torque: The single highest torque, measured in foot pounds, produced by a muscle 
group through a range o f motion.
Proprioception: Awareness of body position in space.
Torque: The movement o f forces that causes rotation or twisting.
VUI
CHAPTER 1 
INTRODUCTION
Background to Problem 
Physical rehabilitation has become an integral component of today’s health care 
system. Every year, new medical advances are developed in an attempt to speed up the 
recovery process in injured individuals. In the area o f sports medicine, rehabilitation 
professionals rely on specific skills, knowledge, and exercise prescriptions to treat a 
variety o f orthopedic injuries involving the spine, upper and lower extremities.
Clinically, most rehabilitation specialists focus on strength, coordination, flexibility, and 
proprioceptive training of the individual. Proprioceptive training is an important 
component of sports injury rehabilitation because it is vital in maintaining posture, 
balance, joint position sense, and coordination of multi-joint movements.*
In the literature, proprioception testing in humans has been examined extensively 
using the knee joint. This is likely due to the vast amount o f interest by the research 
community in determining relationships between knee function and knee injury.' 
Clinically, it is important for the human body to recognize the position of a joint in space. 
It has long been thought that sensory information o f the knee is important in controlling 
motion and protecting the knee from movement beyond its anatomic limit.^ Skinner and 
Barrack^ studied how different factors affect joint position acuity. Results of this study 
indicated that one factor, muscle fatigue, appeared to decrease the ability to reproduce a 
pre-determined knee joint angle. Testing protocols used for assessing proprioception 
acuityat the knee have been shown to be most reliably obtained by using passive range of
motion during open-chain exercise/ Thus, for this research study, the researchers have 
chosen to utilize this method for proprioception analysis, as it has shown to be reliable.
The effects o f muscle fatigue involving the quadriceps and the hamstrings have 
also been extensively researched. Two common methods o f fatiguing the muscles 
surrounding the knee joint include concentric and eccentric fatigue protocols. In sports, 
as well as in everyday activities, the body relies on both concentric and eccentric muscle 
contractions for function.'*-  ^ Simply defined, a concentric muscle contraction is 
characterized by a shortening o f the muscle belly, whereas an eccentric muscle 
contraction is characterized by a lengthening of the muscle belly.
Within the literature, the bulk o f the research has focused on a concentric fatigue 
protocol as it relates to proprioception acuity in the knee. Marks and Quinney® used a 
concentric and eccentric fatigue protocol o f the quadriceps and related it to 
proprioception acuity at the knee; however, they were unable to identify a specific point 
at which the muscle group was fatigued. In a study by Nyland et al,’ participants 
performed continuous maximal repetitions of an eccentric hamstring contraction until a 
20% peak torque reduction was observed, indicating a state o f fatigue.
An advantage o f using the eccentric fatigue protocol, as it relates to knee 
proprioception, is that this type o f contraction is similar to the action o f the hamstring 
musculature in decelerating the tibia during the swing phase of the gait cycle. This 
eccentric contraction o f the hamstrings aids in stabilizing the knee during open-chain 
activities. It has been documented that the hamstring musculature contributes to the 
protection o f the anterior cruciate ligament preventing anterior tibial translation with 
respect to the femur.* There is a suspicion by the researchers in this study that the
function of the hamstring musculature to detect joint position acuity at the knee is 
diminished when it is eccentrically fatigued. This diminished sense of joint position may 
adversely affect the stabilizing action of the hamstrings, thus increasing the risk for injury 
at the knee joint. Thus, it is the feeling o f the investigators that proprioception acuity of 
the knee should be further examined after the onset of eccentric fatigue of the hamstring 
musculature in order to more closely simulate the eccentric component of human muscle 
performance in athletics.
Problem Statement
This study proposes to investigate the question o f proprioception acuity in the 
knee and will examine the effects o f an eccentric fatigue protocol of the hamstring 
musculature on proprioception acuity in the knee.
Purpose
In order for the physical therapy profession to solidify its role in the health care 
community, reliable evaluation and treatment techniques are required. Thus, 
experimental testing must be performed to advance the knowledge and understanding of 
physical impairments and potential approaches to treatment. The question o f the exact 
role o f  proprioception acuity at the knee has been a controversial issue in the sports 
rehabilitation community. Currently, there is debate associated with developing proper 
methods to quantify and qualify the effect o f proprioception when treating injuries at the 
knee joint.
The purpose of this research is to add to the present knowledge base regarding the 
role o f muscular activity of the hamstrings on knee joint proprioception acuity. The 
results of this study will provide information which may influence the rationale for
treating and establishing exercise protocols, thereby enhancing the effectiveness of 
current treatment methods involving the pathological knee joint in athletes, as well as the 
general population.
Significance of the Problem 
Knee injuries are considered to be a major factor in loss o f playing time in 
athletes. Researchers are trying to identify the many physiological factors that are 
involved in the mechanisms of knee injuries. Diminished proprioception acuity may be 
one factor that is associated with the occurrence of knee injuries in athletes, especially 
when combined with muscle fatigue. The extent to which proprioception is involved in 
athletic injuries is still in question throughout the literature. Additional research 
involving proprioception at the knee is necessary to gain a deeper understanding of its 
specific role in knee function and athletic performance. The advantages o f researching 
proprioception at the knee include the ability to formulate more specific treatment 
protocols, develop methods for prevention of knee injury, and ultimately decrease the 
cost o f managing these injuries.
Hvpothesis
The authors’ null hypothesis states that there will be no difference in the pretest 
knee joint reproduction measurements at three different angles when compared to the 
posttest measurements following an eccentric fatigue protocol for the hamstring 
musculature.
CHAPTER 2 
REVIEW OF LITERATURE
Introduction
This literature review focuses on six parts regarding the effects o f eccentric 
fatigue o f the hamstrings on knee joint proprioception, specifically joint angle replication. 
The review o f the literature includes: (1) proprioception, (2) fatigue, (3) isokinetics, (4) 
neural anatomy and physiology, (5) hamstring role in the lower extremity, and (6) 
delayed onset muscle soreness.
Proprioception
Within the literature, proprioception may be imprecisely defined or confused with 
other concepts such as kinesthesia, postural balance, or reflex muscle splinting.
Wilkerson and Nitz® define proprioception as the cumulative neural input from 
mechanoreceptors in the joint capsules, ligaments, muscles, tendons, and skin to the 
central nervous system (CNS). These mechanoreceptors, embedded in the 
aforementioned structures, communicate distortions in the joint capsule tissue to the 
CNS. The distortion in tissue may be a result o f compression forces, elongation, or 
pressure as a result o f fluid retention. Any o f these changes could create a neural 
impulse to the CNS. The mechanical information is also integrated with other input from 
the visual center, as well as from the vestibular center located within the inner ear. It is 
the combined information from the mechanical, visual, and vestibular centers which 
eventually results in reflex muscle activation or inhibition.’ Controversy exists as to 
whether joint position acuity is determined by the articular joint receptors, by the function
o f muscle receptors (e.g., muscle spindles), or by a combination o f both types o f 
receptors.'® It has been determined that most joint receptor firing occurs at the extremes 
o f joint position and that muscle receptors play a synergistic role throughout the mid­
ranges o f  joint activity." The muscle spindles function as a stretch receptor sending 
impulses that communicate the length o f the muscle spindle and the rate o f muscle 
stretch. This communication provides information on joint position acuity.'■
Kinesthesia has been defined by Gam and Newton'^ as the conscious awareness 
o f joint position and movement resulting from proprioceptive input to the CNS. 
Although kinesthesia and proprioception are similar, it was accepted throughout the 
literature that kinesthesia deals primarily with movement detection and proprioception 
deals with joint angle replication and force reproduction."^ The researchers interpret 
this difference between the kinesthesia and proprioception as critical, therefore this study 
looked exclusively at joint angle reproduction as a means o f measuring proprioception.
Postural balance refers to the body’s ability to maintain its center o f gravity 
(COG) over the area of support provided by the feet.’ Joint proprioception may be one 
component which aids the body in maintaining postural balance. Other variables which 
aid postiural balance are muscle strength, coordination, and vestibular inputs to the brain.
It should be noted that proprioception differs between the younger and older 
populations. Skinner et al'® showed an age related decline in proprioception among the 
elderly. It is believed that this age related decline in proprioception could contribute to 
the increase in falls among the elderly, although it has not been determined at what exact 
age this decline in proprioception becomes significant.
Another important variable which has been shown to affect proprioception is 
pathogenesis within the knee joint. Barrett et al'^ performed a study to see if there was a 
correlation between the neuropathic knee and a decline in proprioception. A total o f 147 
knees were examined, both male and female from 16-86 years of age. Participants were 
divided into one of three groups: (1) normal participants o f various ages, (2) those with 
radiologically proven osteoarthritis (OA), and (3) those who had undergone total knee 
arthroplasty (TKA or replacement). The results indicated that those individuals with the 
OA knees exhibited the most impaired ability to reproduce a specific joint angle. 
Participants who had a TKA were able to reproduce joint angles with greater accuracy 
than those with OA. A case study by Guido et al,‘* demonstrated that active knee joint 
repositioning was severely inhibited by knee joint effusion, and failed to improve upon 
aspiration. Not only does evidence exist for decreased proprioception in the osteoarthritic 
knee and the knee which is swollen, but also for knees which have ligamentous damage. 
Barrack et al” demonstrated that the detection of movement or change in angle in an 
ACL-deficient knee is significantly limited compared with the normal knee. 
Mechanoreceptors have been determined to be located within the cruciate ligaments, thus 
proprioception would be affected if  injury is involved.'®
In summary, the research indicated that pathologic conditions and age related 
changes around the joint capsule can inhibit the body’s ability to accurately reproduce a 
specific joint angle. These factors significantly impact the exclusion criteria for the 
participants in the present research. The researchers hoped to minimize the Influence of 
these factors by appropriately selecting participants in order to produce meaningful data 
for the general population.
Fatigue
In general, work results in the expenditure of energy. Emery et al^‘ noted that 
local or peripheral fatigue results in a decrease in the capacity to perform work, both in 
terms of duration and intensity o f performance. In the clinic, researchers have attempted 
to specify this rather broad definition. An isokinetic fatigue index was designed by Gray 
and Chandler^ in order to identify the specific point of fatigue, wherein the average peak 
torque of the last three repetitions of exercise were divided by the average peak torque of 
the first three repetitions, and fatigue was determined when there was a 45-55% reduction 
of the initial peak torque. Other studies have defined fatigue as either a 20%, 50%, or an 
80% reduction of peak torque.^^' A different approach was explained by Skinner et al,^ 
who cites various authors using a pre-set number of contractions or repetitions which they 
deduce will create a state o f fatigue. A common thread regarding any fatigue protocol 
reviewed within the literature was that fatigue was variable both in terms o f onset and 
intensity depending on the individual.
In the simplest understanding, fatigue results from repeated contractions by a 
muscle or muscle group. There are three different types o f muscle contractions: (1) 
isometric, (2) concentric, and (3) eccentric. Isometric muscle contractions produce 
tension in the muscle, but there is no shortening or lengthening o f the muscle. Concentric 
muscle contractions produce a force where there is a shortening o f the muscle. Eccentric 
contractions, on the other hand, create a muscle force (tension) while the muscle is 
lengthening.’'*
It has been documented that different types of muscle contractions will also 
produce fatigue at different rates. Thus, whether performing a high velocity activity or
working at a moderate pace, muscle is expending energy.’* Research testing has been 
done using the isokinetic dynamometer to determine if  there are different angular 
velocities and different types o f muscle contractions which will induce a state o f fatigue 
more quickly. Previous research on the knee found that concentric contractions o f the 
knee musculature will induce fatigue more quickly if  the angular velocity is 180°/sec. 
However, if the speed o f testing was reduced to 30°/sec, eccentric fatigue was noted to a 
greater extent.^"* ”  Furthermore, the literature revealed that sporting events produced 
angular velocities ranging from 700-2000°/second and require more o f an eccentric 
loading phase than typical activities of daily living.* Although it was impossible to 
replicate the higher speeds experienced in athletic events using an isokinetic 
dynamometer, this study used an angular velocity that produced the necessary eccentric 
muscle fatigue of the hamstrings to collect meaningful data.
Current literature has indicated that the hamstrings fatigue more quickly than the 
quadriceps.’’"  One reported reason for this difference was that the quadriceps have a 
higher active muscle mass than the hamstrings. Another reason cited was the difference 
in muscle composition when comparing the quadriceps and hamstrings. It was 
documented that the hamstrings can have a higher composition of type II muscle fibers, 
however this was variable depending on the individual.’’"* Type II muscle fibers, also 
known as fast glycolytic fibers, were able to produce quick powerful movements as 
opposed to Type 1, slow oxidative muscle fibers, which produced slower sustained 
movements.^** Further comparison showed that type II fibers are more susceptible to 
fatigue than type 1 fibers.’*
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The literature was unclear whether or not muscle fatigue really did inhibit the 
muscle spindles from accurately sensing joint position. Voight et al'" concluded that 
glenohumeral repositioning ability was significantly altered after shoulder muscle fatigue. 
Similarly, Skinner et al“  reported that there was a serious decline in ability to actively 
reproduce a specific knee joint angle upon fatigue of the individual. Despite the findings, 
both studies were unable to determine if the altered active joint angle repositioning was a 
result o f impaired ability to detect the accurate position or an impaired ability o f muscle 
function to actively reproduce the position. Impaired ability to reproduce joint position 
would suggest that the muscle spindle fibers would indeed mediate or facilitate 
proprioception at the knee. In contrast, the current findings o f Marks and Quinney® did 
not find that an acute impairment of knee positional sense resulted from a decrease in 
muscle sensitivity. They also cited Sharpe and Miles (1993), who reported that there was 
no decrease in ability to determine joint position sense at the elbow after fatiguing the 
biceps muscle.® Because fatigue of the musculature surrounding the elbow had no affect 
on joint position acuity, this suggests that proprioception afferents in the cerebellum and 
cortical areas may contribute to positional sense.
In summary, it should be noted there was a definite discrepancy within the 
literature regarding the effects of fatigue on joint angle replication, which provided 
validation for performing this study. Inconclusive previous research regarding muscle 
fatigue on joint angle replication following a concentric fatigue protocol further supports 
this study’s attempt to add another sample of research to assist in determining the effects 
of eccentric fatigue on knee joint proprioception.
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Isokinetics
History
A textbook definition by Powers and Howlejr** defines isokinetics as maintaining 
a constant rate of movement through a specific range of motion in which a maximal effort 
is exerted. ' *  Therefore, the isokinetic dynamometer was able to adapt the resistance of 
activity throughout the range o f motion. The concept of isokinetic testing was first 
introduced in the late 1960’s using an isokinetic dynamometer.^ The isokinetic 
dynamometer allows the researcher to control the angular velocity at which the activity is 
performed. The dynamometer is also equipped with a computer which allows the 
researchers to gather muscle peak torque production values and precise knee joint angles 
for data analysis. Since their introduction, various isokinetic dynamometers have been 
developed, including Kin-Com®, Cybex®, and Biodex®. For the purposes o f this study 
the Biodex® Isokinetic Dynamometer was used because o f its availability to the 
researchers. The Biodex® Isokinetic Dynamometer will be referred to as the Biodex® 
from this point on in the document.
Reliability
It has been determined by previous researchers that the Biodex® was capable of 
obtaining reliable data in the open-kinetic chain manner for measuring both peak torque 
and proprioception.^ ^  A study done by Kellis and Baltzopoulos^ investigated the
reliability in eccentric isokinetic dynamometry, looking at the variables o f concentric 
versus eccentric mode and slower versus higher angular speeds. This study cited multiple 
authors who came up with different results. The authors admit that differences in testing
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protocols, participant characteristics, and type of dynamometers did not allow valid 
comparisons between studies. He concluded that most dynamometers were found to be 
reliable and valid, and that the reliability o f eccentric moment measurements were 
influenced by several factors. Two major factors included the familiarity o f the study’s 
participants with this type of exercise and the considerable variation of the participants’ 
ability to maintain an eccentric moment through the total range of motion.'*
The literature also supported the use o f the Biodex® as a reliable goniometer for 
the measurement of joint angle repositioning. A study by Voight et al‘“ found the 
intraclass correlation coefficient (ICC) for reliability o f shoulder joint angle repositioning 
using the Biodex® to be 0.95.
The researchers concluded that an isometric dynamometer was able to measure 
reliable and valid data in an eccentric mode for the purposes of peak torque production 
and fatiguing the hamstrings. Furthermore, since the Biodex® has been used as an 
electrogoniometer in previous research, the researchers were confident that this system 
was able to obtain reliable goniometric measurements for joint angle replication.'*
Peak Torque
According to the literature, a common way to assess fatigue in a muscle is to 
compare the torque production after an exercise bout with the initial maximum torque 
production obtained prior to the fatigue protocol. This maximum amount o f torque that is 
produced by the muscle group is defined as its peak torque. It is essential, when 
assessing the degree of fatigue in a muscle group, that the peak torque measurement is 
reliable. In the literature, peak torque was often measured by taking the average o f a
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given number o f maximal muscular contractions. A study done by Gray and Chandler^ 
averaged the three highest peak torque values during the first five maximal repetitions 
and used this average as the maximal peak torque value. This same peak torque protocol 
was also used by Emery et al.*‘ A study by Voight et al'^ identified the maximum peak 
torque of the shoulder external rotators by using the initial or maximal torque values for 
three consecutive contractions. There was no consensus on the number o f repetitions 
needed to best obtain a reliable peak torque measurement in a given muscle group. Most 
studies, however, were in agreement that it was acceptable to use the averages o f the first 
three to five maximal contraction torque values to determine maximal peak torque.
A variable to consider when obtaining a reliable peak torque muscle contraction is 
the a learning curve issue. A study done by Johnson and SiegeP found that concentric 
knee extensor peak torque measurements became reliable after the third contraction.
They suggested that participants practice by performing three submaximal and three 
maximal voluntary contractions prior to being tested for a peak torque measurement.
This will allow the participant to become familiar with the testing procedure which will 
result in a more consistent performance, thus increasing the reliability of the torque 
measurement.
In addition to a learning curve affecting the reliability of peak torque values, the 
velocity at which the extremity is being tested may also play a role. A study done by 
Tredinnick and Dimcan^° assessed the reliability o f a method for testing peak torque of 
the quadriceps during concentric and eccentric loading at 60°/sec, 120°/sec, and 180°/sec. 
The results demonstrated that the reliability o f concentric peak torque values were
14
excellent at 60°/sec and 120°/sec and good at 180°/sec. In contrast, reliability of 
eccentric peak torque was good at l20°/sec and 180 “/sec, but low at 60“/sec.
In addition to peak torque reliability, it was also noted that differences were likely 
to be found between individuals’ peak torque values within a given arc of motion.
Knapik et al^‘ found that the angle at which peak torque occurred was highly variable in 
individual participants. For knee extension and knee flexion, it was found that as the 
isokinetic velocity increased, the angle at which peak torque occurred shifted to a point 
further in the range of motion for the respective action being tested. Knapik et al^‘ also 
foimd that the isokinetic torque decreased systematically with increasing velocity of 
contraction. This phenomenon was supported by Thortensson et al, Ostemig, and 
Scudder.^*"’^  They found that the peak torque produced by the knee extensors o f women 
at 36°/sec, 108°/sec, and 180“/sec, was approximately 110 Newton meters (Nm), 90 Nm, 
and 70 Nm, respectively, for a concentric contraction. The results o f the knee flexors 
tested at the same speeds were approximately 78 Nm, 60 Nm, and 53 Nm, respectively. 
The literature review revealed no research that tested this same theory using an eccentric 
fatigue protocol.
Studies by several different authors have set the testing range o f motion between 
0“ to 120° of knee flexion, with the most common range of motion being 15“ to 90®.-^  ^”  
However, the literature cited did not indicate any rationale for selecting this particular 
range. The researchers of this study postulated that this range was selected to keep the 
research participants out of the extremes o f end-range.
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Stabilization
According to the literature, stabilization has been reported to be an important 
factor influencing the amount of muscular force generated during muscle testing. Hart et 
al^* found that additional trunk straps significantly increased isometric and isokinetic 
knee extension torque. Magnusson et al^’ examined the effect o f  four methods of 
stabilization on reciprocal maximal concentric isokinetic knee extension and flexion 
torque production. They found that the trunk strapped to the back support with the 
addition of the hands grasping the seat yielded the highest torque production. One factor 
that was not accounted for in their study, however, was the amount o f force that the 
participants generated while grasping the seat.
In contrast, in a study done by Hanten and Ramberg,^° participants were tested for 
maximal isokinetic torque of the quadriceps with both maximal and minimal 
stabilization. The results showed no significant difference between the two stabilization 
methods for concentric and eccentric contractions. Based on their results, minimum 
stabilization appeared to be sufficient for maximal strength testing of the quadriceps 
when using the Kin-Com®.
Positioning
In a review o f previous studies, participants were placed in a variety of seated 
positions with the hip flexed at 60°, 90°, or 110° with 90° of knee flexion, The
results indicated that there was no consensus as to the optimal positioning for participants 
in the isokinetic dynamometer seats. In addition, none of these studies provided rationale 
for positioning their participants at a  particular hip flexion angle.
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Research indicated the use of the lateral femoral condyle as the reference point for 
the axis o f rotation of the knee joint, as this is the most prominent bony landmark. The 
literature also suggested the lower limb to be strapped to the axis arm with a cuff 
positioned 1-2 cm proximal to the medial malleolus.^ '^^® '" '*^ However, it did not address 
whether the superior or inferior aspect o f the medial malleolus is being used as the 
measurement location.
Neural Anatomy and Physiology 
Generally, afferent inputs from neuroreceptors are believed to regulate 
movements o f the knee joint (in response to forces), awareness of joint position, 
mechanics o f joint protection, and the intricate interaction of the joint with its working 
muscle groups. These neuroreceptors provide sensory information to the central nervous 
s y s t e m . P r o p r i o c e p t i o n  is a specialized type of the sense of touch.'” Signals for the 
positions and movements (proprioception) o f the knee joint presumably arise from 
receptors in the skin, muscle and joints, but how each population of neuroreceptors 
contributes to proprioception remains unclear.”  ^ ^
A number o f r e s e a r c h e r s c i t e d  E. Gardner (1944 and 1948) as reporting 
an extensive anatomical study of the nerve supply of the human knee. It was determined 
that joint neuroreceptors are located in the knee joint capsule, menisci, and ligaments 
(cruciates and collaterals). It was also well established that certain peripheral branches of 
the lumbar and sacral spinal nerves innervate the knee joint. Two consistently distinct 
groups o f afferent nerves were identified, a posterior group and an anterior group.^ ” ’^®’^  ^
Barrack et al'"* cited various authors who reported proprioceptive responses from the knee
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joint through monitoring the posterior articular nerve, as well as the medial and lateral 
nerves.
Proprioception, a sensory modality, originates with the stimulation o f specialized 
nerve endings, called mechanoreceptors. Mechanoreceptors function as transducers 
converting the mechanical energy (information) o f physical deformation into the 
electrical energy o f a nerve action potential. Mechanoreceptors can be classified as either 
rapid adapting or slow adapting. Rapidly adapting receptors exhibit a rapid burst of 
impulses following stimulation, after which there is a rapid decline in the impulse rate. 
This type of neuroreceptor is associated with detection of acceleration, deceleration, 
vibration, or any type of sudden change in deformation o f the mechanoreceptor. Slowly 
adapting receptors exhibit a constant baseline level of impulse with maintenance of the 
same level of stimulation. This type of neuroreceptor is sensitive to the position o f the 
limb in space and to slow change in position, signaling the speed and direction of 
movement. This characteristic can be explained by the different rate of impulse 
generation throughout the range of motion, rather than a sudden burst of impulses, as 
evident in the rapidly adapting receptor.^ '® '"''’^ "’® *’
There are four types of neuroreceptors in the articular tissues of the knee joint in 
humans and animals. The first three types are considered encapsulated, or in
tissues o f the joint. The fourth type is considered unencapsulated. Type I, or Ruffini end 
organs, are considered low threshold, slow adapting static and dynamic 
mechanoreceptors. Ruffini endings are believed to respond to displacement o f the 
collagenous fibrils of the capsule or ligaments. Some of these receptors are always active 
in every position of the joint, even when the joint is immobile. Type 11, or Pacinian
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corpuscles, are considered low threshold, rapid adapting dynamic mechanoreceptors. 
Pacinian corpuscles are entirely inactive when the knee is at rest, becoming active only at 
the onset or termination o f joint movement. Type III, or Golgi tendon organs (GTOs), 
located in the knee joint are identical to those in the musculotendinous junctions. These 
are considered high threshold, very slowly adapting dynamic mechanoreceptors. GTOs 
exist only in the ligaments and in the horns o f the menisci. Like the Pacinian endings, 
they are inactive when the joint is immobile and discharge when extreme degrees of joint 
displacement occur and modify muscle tension, joint position, and direction of 
movement. Type IV, or free nerve endings, are high threshold, non-adapting noxious 
pain receptors. These receptors, which are not considered mechanoreceptors, consist o f 
non-corpuscular terminations, that are composed of unmylenated nerve filaments 
distributed throughout the articular tissues of the joint. The impulses from the 
mechanoreceptors (Types I, II, and III) are carried by large-diameter mylenated fibers 
with conduction times one or two orders o f magnitude faster than the small-diameter 
unmylenated Type IV fibers (free nerve endings) associated with pain.
In biologic systems, the transduction o f a mechanical stimulus (stretch of a 
ligament) to an electrical response (nerve impulse) is essential for audition, kinesthesia, 
automatic sensation o f pressure/volume, and proprioception. Thus, the basic function o f 
the mechanotransducer in the knee joint is to detect deformation in a structure.
In a study done by Kennedy et al,"*^  the role o f mechanoreceptors related to 
capsular and ligamentous structures indicated that they not only act as mechanical 
stabilizers, but may also act to initiate a reflex. This reflex was identified as a protective 
mechanism to the joint by muscular splinting in situations o f abnormal stress. Barrack et
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al" stated that structures where specialized receptors have been documented include, the 
anterior cruciate ligament (ACL), the medial collateral ligament (MCL), and menisci. 
Furthermore, these structures were demonstrated to initiate protective muscular reflexes. 
The muscle firing pattern consistently elicited has been the inhibition o f the quadriceps 
and facilitation o f the hamstrings.
It has been questioned whether reflex muscular contraction initiated by a stress on 
the knee joint capsular ligament could occur in time to prevent a knee injury. Pope et al"** 
examined this question and concluded that contraction o f the medial hamstrings and the 
quadriceps significantly increased the valgus stiffness o f the knee medial ligaments, 
providing substantial potential injiuy protection. However, in response to tactile or visual 
stimulation, prophylactic muscle contraction occurred in an insufficient time to be 
considered valuable in protecting the knee from injury.
Guyton‘® emphasized the great speed of these large-fiber proprioceptive nerves 
and their probable importance in modulating muscle tension during sports activities, such 
as walking or running. However, the high energy imparted in many contact sports 
exceeds the maximal stif&iess potential of the knee ligaments even with maximal 
contraction of the hamstrings and quadriceps. Thus, was proposed that proprioceptive 
input was adequate to protect and stabilize the knee during moderate stress of sporting 
activities, such as walking, running or changing directions, despite the fact that the high 
speeds of catastrophic injuries exceeds even the high conduction velocities of the 
proprioceptive fibers in mechanoreceptors."
The exact mechanism by which muscular reflexes occur is also a subject of 
debate. In the study by Kennedy et al,^  ^the authors concluded that the mechanoreceptors
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initiate a muscle reflex, however they do not address whether the impulses generated 
from the mechanoreceptors result in a direct stimulation of a-motor neurons or whether 
the effect was primarily on the y-efiferent muscle spindle system. Johansson*® 
provisionally concluded that activity in low threshold mechanoreceptor afferents from the 
knee joint primarily influences the y-muscle spindle system rather than causing reflex 
effects directly on the a-motor neurons.
There is some controversy as to the role of Joint neuroreceptors and the existence 
of a conscious muscle sense that could contribute to proprioception. In reviewing the 
literature on past research, it appeared that researchers held the view that input for joint 
position sense arises only from articular receptors located in the joint capsule and 
ligaments, and that inputs from cutaneous and muscle receptors were thought to be 
unimportant.^ ^  ^ Other research contradicted this idea, citing strong evidence suggesting 
involvement o f muscle afferents in position and movement sense. Furthermore, studies 
demonstrated that muscle receptors also contribute sensation and may have an important 
role in the perception of limb position. They also considered the role of the joint and skin 
afferents to be limited to facilitory activity.
Clark et al'” '*^ reported that recent studies using animals have cast doubt on the 
ability o f articular receptors to signal position over most of the normal range o f motion of 
joint angles. The results indicated that receptors in the knee joint are poorly suited to 
signal joint position because they respond mainly at the end o f the range of motion.
Attempts have been made to estimate the specific contribution of knee joint 
ligaments, specifically the ACL, to movement and position sense. These studies focused
21
on testing the ability of ACL-deficient patients to either detect or reproduce passive knee 
joint movement. The results were contradictory, with some investigators reporting 
significant impairments and others reporting no such difference."’
It is evident that there is a great deal of debate regarding the role o f 
mechanoreceptors and pain receptors; muscle receptors versus articular receptors; direct 
stimulation o f the a-motor neuron system versus the y-motor spindle system; and the 
ability o f the joint to protect itself from injury. Despite the debate, researchers agreed 
that proprioception played an important role in the neuromusculoskeletal system and it is 
evident that further research is needed to address these considerations. Ciurently, there 
does not appear to be a great deal of research regarding the impact of fatigue on knee 
joint proprioception and how all o f these receptors and systems are affected. Thus, 
further research is indicated to investigate the role fatigue has on proprioception within 
the knee.
Hamstring Role in the Lower Extremitv 
Muscular Co-activation 
It is widely accepted that during muscular activity, both the agonist and antagonist 
muscle groups, surrounding a specific joint, are firing concurrently. In a study by 
Baratta et al,* a certain level o f antagonistic muscular activity was always present during 
joint loading. For instance, with knee flexion, the agonistic hamstring muscle registered 
a high electromyographic (EMG) activity level, whereas the antagonistic quadriceps 
muscle demonstrated concurrent low level co-activation. This co-activation principle has 
been shown to aid in maintaining stability at the knee joint. It is important to emphasize
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that the antagonist has an augmentative role in conjunction with the ligaments in 
maintaining joint integrity. The synergism of all the components associated with the 
knee is expressed in maintaining its stability during various loading conditions. A 
disruption in this synergistic system could lead to potentially debilitating symptoms.*” 
Electromyographic Analysis of the Hamstrings 
As a general rule in sports or physical activity, an eccentric muscle contraction 
will produce a deceleration of the involved extremity. For example, during midstance of 
gait the gastrocnemius controls the forward propulsion of the tibia over the foot. The 
hamstrings also function in a similar manner to slow the rapid knee extension during the 
swing phase of gait while either walking or running. An electromyographic gait analysis 
study o f the lower extremity during jogging, running and sprinting showed that the 
hamstrings became active just prior to maximum hip flexion and shortly after the onset of 
knee extension in all three activities.*' Therefore, it is conceivable that the hamstrings, 
both the lateral and medial head, are controlling the terminal phases o f hip joint flexion 
and knee joint extension. Hamstring activity continues into the support phase of gait 
acting primarily as a hip extensor. During both the support and swing phase of gait, the 
hamstrings are functioning in an eccentric role.*'
Delaved Onset Muscle Soreness 
Strenuous physical exercise of limb muscles may result in physical discomfort, 
especially when the exercise is intense, prolonged, or includes eccentric muscle 
contractions. Delayed onset muscle soreness (DOMS) is a condition or sensation o f 
discomfort that typically occurs one to two days following exercise and is characterized 
as a dull, aching pain combined with tenderness and stiffness. It has been documented in
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the literature that the muscle soreness or stiffhess usually subsides within five to seven 
days following the bout o f exercise. This type o f soreness has been reported to be the 
most evident at the musculotendinous junction initially, and later spread into the muscle 
belly. These studies have also reported that eccentric muscle activity or contraction is the 
major contributor to soreness and injury to the muscle.^®’^^
Although the injury to the muscle has been well described, the underlying 
mechanism is not fully understood. It has been suggested that the soreness may occur as 
a result o f  either mechanical factors (over-stretched sarcomeres or micro-tearing o f the 
tissue) or biochemical factors (lactic acid build up in the muscle tissue).^*'^ *' "^ Maclntrye 
et al*‘ suggested that there were many factors that contributed to exercise-induced muscle 
injury. They identified that different types o f exercise may have different mechanisms of 
injury to the muscle. These factors included eccentric versus concentric muscle activity; 
and high resistance, low repetitions versus low resistance, high repetitions.
The use o f eccentric isokinetic exercise for rehabilitation has raised some 
controversy since the incorporation of an eccentric capability of isokinetic equipment. 
Studies have shown that an initial session of eccentric exercise caused a greater amount 
o f DOMS as compared to concentric exercise.^^ '^"^  ^ Other changes that were reported 
with eccentric exercise included histological disruption o f muscle tissue and elevations o f 
blood markers, specifically creatine kinase (CFC), for muscle damage.^® It was reported 
that when the same amount of torque is produced by a muscle during eccentric and 
concentric contractions, fewer motor units were recruited during the eccentric 
contraction. Furthermore, the risk of damage to muscle and associated connective tissue 
was believed to be greater during eccentric contractions than during concentric
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contractions, because less muscle tissue was contracting during eccentric movement 
when producing a given torque.^*'*’ Thus, DOMS associated with eccentric muscle 
contractions was probably due to damage to muscle or connective tissue caused by 
overload of these tissues.
In contrast, Fitzgerald et al^ * found no difference in the amount of DOMS that was 
reported when equivalent work loads (at 30°/sec) of eccentric and concentric isokinetic 
contractions of the knee extensors were compared at pre-exercise, post-exercise 24 hours, 
and post-exercise 48 hours. However, they did find that those participants who exercised 
using eccentric contractions with maximal effort demonstrated a greater increase in 
DOMS than those who performed concentric contractions. These results suggested that 
exercise intensity, rather than contraction type, may be the dependent factor in producing 
DOMS.
In a previous study by Franklin et al,^ ® they found that the knee extensors were 
significantly less sore than the knee flexors after bi-directional knee flexion and extension 
isokinetic eccentric exercise at approximately the same work load and intensity. They 
concluded that after isokinetic eccentric exercise, the hamstring muscle group, (knee 
flexors), were markedly more vulnerable to delayed muscle soreness and muscle damage 
than the quadriceps femoris muscle group, (knee extensors).
Franklin et al^  ^conducted a later study, in support o f  their previous research, to 
assess the vulnerability of the hamstrings muscle group to eccentric fatigue. The purpose 
o f this investigation was to determine whether there was a difference in the amount of 
DOMS and CK produced between unidirectional isokinetic eccentric knee flexion and 
extension exercise at 120°/seconds, instead o f the previously studied bi-directional
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method. The results o f the study supported their previous findings with reported pain 
scale ratings (on a 0-10 analog scale) of 0.9 and 4.1 for the quadriceps and hamstrings, 
respectively.
It has been shown that one o f the most common muscle unit injuries occurs in the 
hamstrings. Hamstring muscle strains are frequently seen in the proximal and lateral 
portions o f the hamstring muscle group, specifically the biceps femoris portion. Previous 
hamstring review articles^’’^® have attempted to explain the vulnerability of the hamstrings 
to muscle injury. It has been proposed that since the hamstring crosses both the hip and 
knee joints (two joint muscle), it must undergo greater length changes when contracting, 
as compared to a one joint muscle. Also, Garrett et al*’ “  found upon biopsy that there 
were a higher proportion o f fast twitch (Type-ll) fibers in the hamstring muscle group as 
compared to the quadriceps muscle group. He proposed this fiber composition may make 
the hamstrings more susceptible to injury. In contrast, Johnson et al®‘ found a higher 
proportion of slow twitch (Type-1) fibers in the biceps femoris muscle (hamstrings) in 
cadavers.
A study by Fitzgerald et al^  ^regarding exercise induced muscle soreness after 
concentric and eccentric isokinetic contractions concluded two things. First, there 
appeared to be no difference in the degree of DOMS between participants who performed 
concentric isokinetic contractions and those who performed eccentric isokinetic 
contractions of their quadriceps muscles at equal levels of power. However, the change 
in DOMS was greater at 24 hours after exercise for participants who performed eccentric 
isokinetic contractions than those who performed concentric isokinetic contractions of
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their quadriceps femoris muscles at maximal efifort. This study did not address DOMS 
with eccentric isokinetic contractions o f the hamstring muscle group.
A study done by DeNuccio et al”  comparing isokinetic eccentric and concentric 
data using a standard fatigue protocol for the quadriceps found that the maximal pain 
rating reported by any participant for any exercise test over the 72 hour period was graded 
at a “3” (mild discomfort or pain). The authors o f the study attributed the lack of DOMS 
to the velocity o f contraction. The short duration of each contraction may mitigate any 
cumulative effects, thereby reducing the extent o f connective tissue damage. In their 
study, they used fast-velocity (180°/sec), short duration eccentric activity resulting in less 
mechanical loading of the connective tissue elements. Subsequently, there may be less 
connective tissue damage and less pain. The authors also felt that the lack of DOMS may 
also be related to the fitness level o f the participants. If one were more fit or highly 
trained, he or she could conceivably have a well-conditioned eccentric capacity and be 
less likely to experience DOMS. However, DeNuccio et al^  ^cited previous research 
involving normal, healthy individuals and highly trained athletes, resulting in similar 
increases in DOMS.
Clinically, DOMS is a common, but self-limiting condition that usually requires 
no formal treatment. Most exercise enthusiasts are familiar with these symptoms, 
especially after starting an exercise routine following a period of relative inactivity. 
However, when an extremity has been immobilized or debilitated, it is unknown exactly 
how the muscles will respond to exercise, especially eccentric activity. These factors 
were considered when determining our target sample group and exclusion criteria. The 
researchers decided to limit the participants to healthy, active individuals with no recent
27
history o f lower quarter injury requiring immobilization. It was not necessary to recruit 
only highly trained athletes, but was important to have normal, healthy participants, based 
on the cited research by DeNuccio et al.”
As o f  1995, there appeared to be no relationship between the development of 
DOMS and the loss o f muscle strength, in that the timing o f the two events are different. 
Although, loss o f muscle force was observed immediately after the exercise, it was 
unclear if  there was a second loss o f force one to three days post-exercise.”
Despite the inconclusiveness regarding the effect o f eccentric muscle activity on 
DOMS and the vulnerability of the hamstrings within the literature, the following factors 
were addressed for this study. It was important to find a way to eccentrically fatigue the 
hamstring muscle group while minimizing the amount o f DOMS and muscle injury.
With the information obtained in the literature, the investigators felt that with proper 
execution o f this study, the participant were placed at minimal risk for creating sustained 
or prolonged injury. A number o f factors were considered. First, the establishment of 
specific exclusion criteria regarding age and previous medical history. In order to 
minimize the effects of age-related changes in the knee joint in relation to proprioception, 
the target age range of 18-40 years old was assigned. Exclusion criteria was also 
established for previous medical history to rule out any significant injuries or conditions 
that may have effected the outcome o f the study, as well as eliminate any potential harm 
to the participants. Second, considerations were made for determining the optimal 
isokinetic velocity or rate. The research indicated that it was better to work the 
individuals at lower velocity of speed to induce eccentric muscle fatigue more effectively. 
However, the literature also indicated that to minimize the amount of DOMS, it was
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better to work the participant at a higher velocity. The goal was to fatigue the individual 
appropriately while minimizing the amount of DOMS. Lastly, it was important to realize 
the fact that DOMS has been shown to be self-limiting and to have no long lasting, 
harmful effects in regards to loss of muscle strength or mass. The researchers of this 
study were confident that the participants were subject to minimal risk of injury.
Summarv
In summary, proprioception was defined as the cumulative neural input to the 
CNS from mechanoreceptors in the joint capsules, ligaments, muscles, tendons, and skin. 
Proprioception acuity was often measured by joint angle replication or force 
reproduction. There was a discrepancy within the literature as to the extent in which 
muscle fatigue has on joint proprioception acuity. Up to this point, the majority of past 
research has utilized concentric fatigue protocols when assessing the effects on 
proprioception acuity. Since little research has been performed using eccentric fatigue 
protocols, it was the intention o f the researchers in this study to use an eccentric fatigue 
protocol and address the effect on proprioception acuity at the knee joint. Various 
accepted fatigue protocols exist to objectively determine a point o f fatigue, including 
10%, 20%, 50%, or 80% reduction in the average maximum peak torque measurements.
A 20% reduction from the maximum peak torque measurement was used as the indicator 
for eccentric muscle fatigue in this study. Isokinetic dynamometers, including the 
Biodex®, have been determined to reliably measure maximal peak torque values, as well 
as measure specific joint angles. With these Biodex® capabilities, the researchers were 
able to quantify muscle fatigue and accurately record knee joint replication angle.
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The literature supports that there is a physiological communication between the 
agonists and antagonist muscles surrounding a joint, specifically the hamstrings and the 
quadriceps surrounding the knee joint. This complex interactive system is important for 
joint position awareness, as well as for maintaining joint stability. Therefore, this study 
intended to interrupt the synergistic balance within the system by fatiguing the 
hamstrings. Because it was established within the literature o f the communication 
between the hamstrings and the quadriceps in regard to proprioceptive input to the CNS, 
assessing joint replication at the knee using active contraction o f the quadriceps was 
validated.
Delayed onset muscle soreness is a condition or sensation of discomfort that 
typically occurs one to two days following exercise and is characterized as a dull, aching 
pain combined with tenderness and stiffiiess. The literature showed conflicting results in 
regard to the severity o f muscle soreness following an eccentric fatigue protocol.
Different variables, including exercise duration, intensity, and velocity, have been 
presumed to be associated with the severity of DOMS in individuals. With the 
information researched in the literature, the investigators feel the proper execution o f this 
study puts the participant at a minimum risk for creating sustained or prolonged injury.
CHAPTER 3 
METHODOLOGY
Study Design
The purpose of this study was to determine the effects of eccentric muscle fatigue 
o f the hamstring muscle group on knee joint proprioception, specifically joint angle 
replication, in normal, healthy individuals. This study was a pretest-posttest control 
group experimental design. The independent variable in this study was isokinetic 
eccentric muscle fatigue of the hamstring muscle group. The dependent variable in this 
study was knee joint proprioception acuity, as measured by joint angle reproduction.
Study Site and Participants 
The location for testing was approved by Rehabilitation Professionals/Saint 
Mary’s Hospital to use the East Paris facility (1000 Cascade Rd., S.E., Grand Rapids, 
Michigan). This study used a sample o f 60 normal, healthy individuals, male and female, 
residing in the greater Grand Rapids area. All participants were screened on the criteria 
o f exclusion (Appendix A) for participation in the study. All individuals ranged from age 
18 to 37 years old, completed a Medical Questionnaire (Appendix B), signed a consent 
form (Appendix C), and underwent a screen for functional range o f motion (ROM). 
Participants active knee joint ROM was at least 0° to 110° o f knee flexion and hip ROM 
was at least 90° of flexion
Each participant was randomly placed into one of a possible 30 testing categories 
(Appendix D) based on the order in which they were available to be tested. The testing 
order was pre-determined and proceeded in order coinciding with a master testing
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schedule (Appendix E). The testing categories determined whether they were in the 
treatment group or control group, testing the left or right leg, and testing order for angle 
replication. Each angle testing order possibility occurred twice throughout the duration 
o f the study, once with a treatment group participant and once with a control group 
participant. With 60 participants, this should provide an equal distribution in all 
categories and decrease that angle reproduction was due to chance alone.
Equipment and Instruments
Each participant performed the warm-up and cool-down phase of the study using 
a Schwinn Airdyne® exercise cycle. The warm-up and cool-down phases were designed 
to gradually increase the metabolic rate and prepare the lower extremity musculature for 
maximal effort testing, as well as decrease the amount of delayed onset muscle soreness.
The Biodex Isokinetic Dynamometer® (Biodex Corporation, Shirley, NY), 
equipped with the Advantage Software version 3.2®, was used to measure eccentric peak 
torque and determine the percent decline of the hamstrings in relation to eccentric fatigue. 
The Biodex® was also utilized as an electrogoniometer in the measurement o f joint angle 
replication in relation to proprioception acuity. The Biodex Users Manual® and 
Advantage Software v3.2 Release N o tes® prov ided  the manufacturer recommendations 
on calibration, proper patient alignment, equipment set-up, software capabilities, and 
testing procedures.
A plastic universal, fifteen-inch, double-armed, full-circle goniometer was used to 
assess hip range of motion for proper seating position and for calibration of the anatomic 
joint reference for the knee, as detailed in the following section. This goniometer was
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equipped with a standard ruler on one o f the arms, which allowed the researchers to 
measure the reference line for the tibial cuff pad.
Validity & Reliability
The use o f a pretest-posttest control group design has been shown to have strong 
internal validity because the pretest scores provide a basis for establishing the initial 
equivalence o f  groups, strengthening the evidence for causal factors. Selection bias was 
controlled because participants were randomly assigned to pre-determined testing 
categories. History, maturation, testing, and instrumentation effects should affect all 
groups equally in both the pretest and posttest. The primary threat of loss of external 
validity in the pretest-posttest control group design was the potential interaction between 
testing and treatment. In this study, participants were given a pretest, which may have 
reactive effects.®^
See Appendix F for the specific fulcrum points and anatomical landmarks. Each 
tester followed Norkin and White’s^ Measurement o f  Joint Motion: A Guide to 
Goniometry for consistent goniometric alignment and measurement of the hip and knee 
angles for seat positioning and anatomical joint calibration.
To ensure inter-tester reliability, each tester was trained to use the Biodex® prior 
to the pilot study and had an opportunity to practice all procedures during the pilot study. 
A procedure manuscript (Appendix G) was used to read all instructions to each 
participant in the study to ensure that they were given the exact same instructions 
regardless o f which tester was introducing the study to the participant. This procedure 
was followed consistently throughout the duration o f the study.
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Procedures
After completion o f the Human Subjects Review process at Grand Valley State 
University (GVSU), the Vice-president of Out-patient Services of Rehabilitation 
Professionals was approached and presented with a summary of the proposed study.
Upon final approval to use the site and equipment, a pilot study of six participants (four 
in the treatment group and two in the control group) was completed in order to increase 
the efficiency o f the testers and identify any possible limitations that may arise during the 
data collection process. Data was collected and repetitions to fatigue (RTF) was 
calculated using the 75th percentile of the treatment group. The RTF number was used in 
the actual study as the number o f repetitions used in the passive limb movement protocol 
followed for the control group.
Following the pilot study, 60 participants for the study were recruited by use of 
flyers posted around the GVSU campus. The researchers contacted each participant by 
phone to answer any potential questions, administer a portion of the Medical 
Questionnaire, and to determine if they have any condition(s) that would exclude them 
from the study. Eligible individuals were scheduled for a one hour block of time for 
testing. The participants were instructed as to the testing site and appropriate attire 
(shorts, T-shirt, and athletic shoes).
The scheduled testing appointment consisted o f completing the Medical 
Questionnaire, discussion of the procedure, explanation and signing of the consent form, 
random assignment into a testing category (treatment or control group, limb tested, and 
angle testing order), functional screen, and the explanation of the testing procedure. Prior 
to the testing phases, anatomical references were measured on the test limb using a
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marker. The lateral femoral condyle was marked as the reference point for the axis of 
rotation for the knee joint, as it is the most prominent bony land mark. A reference line 
was measured two inches proximal to the inferior aspect o f the medial malleolus for the 
tibial cuff pad.
Each participant was placed on a Schwinn Airdyne® exercise cycle for the warm­
up (WU) phase prior to testing. The seat height was adjusted so there was approximately 
15° o f knee flexion with the foot pedal at bottom-dead center. The warm-up was 
performed for 10 minutes at a sub-maximal intensity level at a 2.0 workload setting on 
the Airdyne® gauge, as per recommendation of the American College o f Sports Medicine 
(ACSM).®^
Following the warm-up, each participant was positioned in a seated position on 
the Biodex® with the back rest adjusted so the participant was sitting with the hips flexed 
at 90° and the knees flexed at 90°. The double armed goniometer was used to verify 
these angles. The axis arm of the Biodex® was aligned with the marked reference point 
o f the lateral femoral condyle o f the knee. The lower limb was attached to the Biodex® 
lever arm with the inferior aspect o f the tibial cuff pads aligned with the reference line. 
Velcro straps were placed around the chest, waist, and thigh of the testing leg to enhance 
stability, as per Biodex® set-up recommendations. The participants were instructed to 
place both arms across tire chest during the testing to prevent use o f the upper extremity 
and trunk musculature for assistance. This was done to minimize the variability o f the 
knee torque production between repetitions of an individual.
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Treatment Group
The treatment group testing consisted of five different phases: warm-up (WU) 
proprioception pre-treatment measurements (PPrTM), eccentric peak torque/fatigue 
procedure (EPTF), proprioception post-treatment measurements (PPqTM), and cool-down 
(CD). The testing ROM spanned firom 15° to 90° of knee flexion. The machine was 
calibrated for each individual by passively moving the leg to 90° o f flexion, verifying this 
measurement using the double-armed goniometer, and entering this angle into the 
computer as the anatomic joint reference. The same procedure was repeated at 15° of 
knee flexion.
The PPrTM  consisted of blind-folding the participant to eliminate visual cues and 
passively moving the LE to the starting position at 90° of knee flexion. The lower leg 
was then passively moved by the tester to the pre-determined angle (either 25°, 45°, or 
65° o f knee flexion), as per the random assignment of the angle testing order. The limb 
was held at this angle for ten seconds and then passively returned to the starting point.
The participant was instructed to actively replicate the previously positioned joint angle 
within ten seconds and lock the Biodex® lever arm with a stop button when the perceived 
reference angle had been reached. That specific joint angle was calculated by the 
computer. This procedure was repeated for the other two angles. The participant 
performed one trial at each angle, for a total o f 3 trials. The actual starting angle, actual 
replicated angle, and angle difference (“+” = more flexed and = more extended) was 
recorded using a data collection sheet (Appendix H). This procedure was followed by a
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rest period, which enabled the testers to set-up the program for the next phase of the 
testing.
The parameters for the eccentric peak torque/fatigue procedure were saved on the 
computer’s hard drive for each testing session (summarized in Appendix F). Each 
participant performed 5 sub-maximal eccentric repetitions and 3 maximal repetitions to 
allow for familiarization o f the Biodex®. The participant was given a timed one minute 
rest period, during which s/he was instructed to relax the limb as it was passively moved 
by the machine. After one minute, the participant was instructed to maximally resist the 
Biodex® lever arm as the leg moved into extension, and relax as the lever arm brought 
the leg back into flexion. The peak torque (ft.-lbs.) was recorded for each repetition, 
wherein the tester identified the maximum peak torque (MPT), by averaging the highest 3 
o f the first 5 repetitions. The tester calculated the termination peak torque (TFT) value 
using a 20% decline in the maximiun peak torque. The procedure terminated when the 
participant was unable to produce a peak torque above the TFT value for three 
consecutive repetitions.
The PFqTM immediately followed the EFTF phase. This phase was performed 
exactly as previously described in the FF^TM. The study was terminated with the cool­
down bike ride for five minutes at a sub-maximal intensity o f a 2.0 workload. An 
instruction sheet for home management techniques o f stretching for the hamstrings and 
quadriceps was provided for minimizing the affect o f delayed onset muscle soreness 
(Appendix I).
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Control Group
The control group testing consisted o f five different phases: WU, PPrTM, passive 
limb motion (PLM), PPqTM, and CD. This testing procedure was identical to that of the 
treatment group, except for the third phase, PLM. Participants in the control group were 
asked to relax the limb as the Biodex® passively moved it through the same range of 15° 
to 90° o f knee flexion for 44 repetitions. This number was determined by the number of 
repetitions in the TS* percentile that it took to fatigue the hamstrings eccentrically during 
the pilot study. This passive limb motion allowed the knee joint of the control group 
participants to experience the same ROM as the treatment group without a bout of 
eccentric exercise.
CHAPTER 4 
RESULTS
Descriptive and statistical analysis was conducted using the SPSS for Windows 
Release 6.1 (SPSS Inc., Chicago, IL). A summary of the ages of the entire sample, the 
control group and the treatment group including male and female participants is shown in 
Table 4-1.
Table 4-1. Descriptive Data for Age o f  Participants Measured in Years
1? 00'
A summary of the descriptive and statistical data for joint angle replication can be 
found in Table 4-2. Data analysis was performed using a 2-tailed r-test to compare the 
means of pretest angle accuracy measurements and posttest angle accuracy measurements 
for the control and treatment groups. Neither the control group, (p=0.728), or treatment 
group, (p=0.182), showed a statistically significant difference in these measurements. 
Table 4-2. 2-Tailed t-Test for Joint Angle Replication___________________________
Note: The negative in the mean column signifies that the error in degrees took place with 
the knee in the direction o f  more extension.
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Table 4-3 summarizes the analysis o f variance (ANOVA) comparing the mean 
differences between the pretest and posttest measurements for joint angle replication with 
multiple factors. The factors analyzed for the source of variation included angle category 
(25°, 45°, 65°), gender, limb, angle order effect, and group. The results indicated that the 
angle category variable was responsible for the majority of the variation within the data 
set at a statistically significant level (p = 0.002).
Table 4-4 is a summary of the one-way ANOVA for the angle category. A one­
way ANOVA was performed within the angle category for the entire sample to 
investigate which angle may have contributed to the largest source o f variation within the 
angle category variable.
Table 4-3. Analysis o f  Variance Comparing Mean Differences With Multiple Factors
.........................  G R O U P ( C o i m i ^ t r e m w ^ # % m % m r ^
Source o f  Variation .àSaûares^Ü ty a m m  Sôuar^ v  o f P
# # :^ # C a te g o r y
* Indicates a Statistically Significant Value
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Table 4-4 One-way AN OVA: Data Relating to Angle Category Measured in Degrees 
_________ from the Target________________________________________________
Gimub - 'V , :
A statistically significant difference only existed at the 25° angle {p = 0.0017), 
while no differences were found at angles 45° and 65°. Within the 25° angle category 
only the control group produced a significant statistical difference in the mean angle 
pretest and posttest measurements (p — 0.0001). This difference was not found in the 
treatment group (p= 0.7274).
Table 4-5 is a summary o f the one-way ANOVA for the angle order effect. Data 
analysis revealed no statistically significant difference {p =  0.9941) in relation to the 
order in which the angles were reproduced. This suggests that any learning effect would 
be unsubstantiated.
Table 4-5. One-way ANOVA: Data Relating to Angle Order Effect Measured in 
Degrees from the Target
-  And6 Order
"Angle order HI represents the first angle to be replicated in the series 
Angle order #2 represents the second angle to be replicated in the series 
‘Angle order #3 represents the third angle to be replicated in the series
Table 4-6 represents the descriptive data regarding repetitions to fatigue. Data 
analysis using a 2-tailed Mest for the mean number of repetitions to fatigue between 
males and females within the treatment group revealed a statistically significant
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difference {p =  0.008). On average, the female participants reached the point o f eccentric 
hamstring fatigue 11 repetitions earlier than the male participants.
TABLE 4-6. 2-Tailed t-Test for Repetitions to Fatigue o f Males Compared to Females
Analysis o f  the data revealed that there was no statistical significant difference 
between the participants in the treatment group compared to the control group when 
reproducing a knee joint angle following an eccentric hamstring fatigue protocol. This is 
contrary to the expected relationship between eccentric hamstring fatigue and knee joint 
proprioception. The following chapter attempts to explain these findings and provide 
clinical application.
CHAPTERS
DISCUSSION
Discussion of Results 
The focus of this study was to investigate the role o f mechanoreceptors within the 
hamstrings and how fatigue of the hamstrings may affect knee joint proprioception. The 
results o f this study, as well as previous studies, indicate an inability to specifically 
determine the primary component of joint position sense, specifically whether muscle or 
joint mechanoreceptors are the major contributor.^"" '^"^^^ The data collected in this study 
showed that the control group was able to consistently reproduce a specific knee joint 
angle both prior to and after a non-fatiguing, passive, knee flexion/extension movement 
protocol. This finding was expected by the researchers and established the foimdation for 
further investigation into the effect o f fatigue on joint angle reproduction.
The researchers’ null hypothesis stated there would be no difference in knee joint 
proprioception using pretest/posttest measurements following an eccentric hamstring 
fatigue protocol. The treatment group improved their ability to reproduce a specific knee 
joint angle following a session o f eccentric hamstring fatigue. Although not statistically 
significant, the mean difference between the pretest and posttest measurements showed a 
decrease in the niunber o f degrees from the target angle (1.4222° to 0.7111°), meaning 
the participants were more accurate in reproducing the targeted angle in the posttest 
session. Since the aforementioned results were not statistically significant for the 
treatment group (p= 0.182), the null hypothesis cannot be rejected.
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The results of this study did not support the findings of Skinner, Barrack and 
colleagues^ '^ "^  in various studies investigating different factors effecting proprioception 
at the knee. Their results indicated that the fatigue study subjects showed a statistically 
significant decrease in the ability to reproduce knee joint angles (^0 .05 ). The protocol 
utilized to induce fatigue on the U.S. Navy S.E.A.L Team was a combination o f intense 
running activities, followed by concentric isokinetic testing to verify as least a 10% 
decline in peak torque measurements. Voight et al'- found a statistically significant 
decrease in proprioceptive ability following a bout of eccentric fatigue, however this 
study was performed on the glenohumeral joint.
The results o f this study did support the findings of Marks, Quinney and 
colleagues® in that they found no acute impairment of knee positional sense after a bout of 
concentric fatigue. To date, the investigators o f this study have not found any published 
research that addressed eccentric fatigue o f the hamstrings and the effect o f knee joint 
proprioceptive sense for angle reproduction.
Several explanations may accoimt for the findings of this study. The treatment 
group may not have achieved a  sufficient level o f hamstring muscle fatigue. Within the 
reviewed literature, no accepted standard was identified for the percent decline in 
maximum peak torque that defines fatigue. The literature suggested that a state of fatigue 
ranged from 10%-80% decline in maximum peak torque. '^^" '^"  ^ Considering the 
inconclusive literature and the effects o f delayed onset muscle soreness (DOMS), it was 
determined that it would be in the best interest o f the participants to use a 20% decline in 
maximal peak torque to define the state o f fatigue for this study. A 50% decline in
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maximum peak torque may have induced a considerable amount o f DOMS for the 
participants in the study.
Although the possibility existed that participants in the treatment group were not 
sufficiently fatigued, this finding does not explain the improvement noticed in joint angle 
replication for the treatment group following the eccentric hamstring fatigue protocol.
An explanation for this improvement could have been the result o f  a “proprioceptive 
warm-up” rather than a state o f physiological fatigue. It would be conceivable that the 
body could be in a heightened state o f  neuromuscular awareness following an intense 
bout o f exercise, leading to an improved ability to reproduce a knee joint angle.
In addition, the improved measure o f proprioception may have been due to the 
fact that the participants were concentrating solely on reproducing the desired angle. This 
cannot be compared to the dynamic functional activity as seen in sports. During this 
study, the participants were blindfolded and essentially no distractions were present 
during testing procedures. Conversely, participants in sporting events are often exposed 
to many extraneous factors, such as crowd noise and visual distractions. These external 
sensory inputs may inhibit a person’s ability to effectively focus on reproducing a 
specific knee joint angle during sports activities. Thus, the results o f this environmentally 
controlled study cannot be directly associated with normal activities.
Although the results o f this current study did not reject the null hypothesis, one 
factor o f interest was the statistically significant difference between the pretest and the 
posttest measurements at the 25° angle. This finding was attributable to the control group 
only. This was somewhat unexpected as the least amount o f error was anticipated at this 
angle. The theorized role o f the two different types o f sensory receptors is that the
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articular joint receptors are more active at the end-ranges o f knee flexion and extension, 
whereas the muscle spindle receptors have a synergistic role throughout the mid-ranges of 
joint activities.'®’^ ''^’^ ’ Based on this theory, it was anticipated that if any angle showed 
the least amount error, it would have been the 25° angle because of the influence o f the 
intra-articular joint receptors nearing knee extension. With respect to the control group 
being primarily responsible for the greatest amount o f error at the 25° angle, it was not 
possible to identify any explanation for this discrepancy.
Analysis of the angle order was completed to address the possible effect o f a 
learning curve. Since the participants in this study improved their ability to accurately 
reproduce a knee joint angle, the possibility of a learning curve existed and the actual 
effect o f fatigue could have been less evident. This could have been an underlying factor 
influencing the results of the pretest and posttest measurements. However, since the 
analysis o f angle order was not statistically significant, the effect o f the learning curve 
was ruled out. Analysis of pretest and posttest measurements for gender, limb, and group 
were not statistically significant and warranted no further investigation.
Limitations
Possible limitations o f this study were identified by the investigators. One 
limitation was the testing position used for the participants. The sitting position in the 
Biodex® chair has limited functional carryover to sporting activities. Participants were 
seated with their hips and knees flexed to 90°. This 90°-90° position rarely occurs during 
any type o f running or sporting activities. Also, the participants were fatigued and tested 
only in an open-kinetic chain position. Functionally, individuals utilize a combination of
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both open and closed-kinetic chain positions during running or sporting activities. The 
open-chained position occurs during the swing phase of gait when the foot is in a non­
weight bearing position. Whereas, the closed-chain position occurs during the stance 
phase o f gait when the foot is in contact with the ground. Finally, the isokinetic speed 
selected to fatigue the participants was 90°/second taking into consideration the time to 
achieve a “true” state of fatigue and the possibility of DOMS. It has been documented in 
previous research that sporting events occur at much higher rates o f speed, ranging from 
700° to 2000°/second.
The seated 90°-90° position was chosen for various reasons. Previous literature 
has consistently utilized this set-up in similar proprioceptive research studies for the knee 
j o i n t . I n  addition, this position was used for ease of set-up and maximal testing 
efficiency for both torque production and angle reproduction measurements.
Functionally, the 90°-90° position was chosen, although it utilized an active quadriceps 
contraction for the knee joint angle reproduction. The researchers felt that any change in 
the pretest/posttest angle measurements could have been attributed to a change in knee 
joint proprioception sense in the muscle spindles associated with the hamstrings, rather 
than the inability to replicate the joint angle secondary to muscle fatigue of the 
quadriceps.
With respect to the open-kinetic chain testing, the researchers felt this position 
would attempt to simulate the action of the hamstrings during activities involving 
running. Although running incorporates both the open and closed kinetic chains, research 
has shown that the hamstrings primarily fimction eccentrically in an open-kinetic chain
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position during the late stages o f swing phase/' In addition, testing perfonned in a 
closed-kinetic chain position may provide additional proprioceptive input to the CNS 
through pressure receptors on the soles o f the feet and within the knee, thus increasing the 
difficulty of specifically testing the mechanoreceptors in the hamstring musculature. 
Therefore, the researchers felt it was appropriate to test the participants in an open-kinetic 
chain position.
Because the Biodex® is limited in its testing speed capabilities, the researchers 
utilized an angular velocity of 90°/second. The maximum testing speeds for the 
concentric mode is 450°/second and for the eccentric mode is 150°/second. These speeds 
do not functionally simulate the angular velocities which occur during sporting events. 
Furthermore, the angular speed of 90°/second was chosen with the goal of reaching a 
sufficient level of fatigue in a timely fashion, while minimizing the affects o f DOMS.
Other possible limitations identified in this study included the use of a relatively 
small population size and the sample primarily consisted of Grand Valley State 
University students. This sample may not accurately represent the general population and 
thus the results of this study may vary with a sample taken from a larger geographical 
area.
Future Research Suggestions
Possible suggestions for future research were identified. As previously addressed, 
the biggest limitation in this study was the functional carryover of the testing method to 
sporting activities involving running. The literature established that during running, the 
lower extremity is in the open-kinetic chain position during the swing phases o f gait, until
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the foot hits the ground. At that point o f the gait cycle, the lower extremity is now in a 
closed-kinetic chain position. Thus, a possible suggestion would be to design a hybrid 
study using both an open- and closed-kinetic chain set-up. The participants could be 
fatigued eccentrically in an open-kinetic chain position and proprioceptive testing could 
be performed using a closed-kinetic chain method.
A second possible suggestion for future research would be to test the participant 
in a  prone position. This would allow the hamstrings to be fatigued eccentrically, as well 
as having the participant actively contract the hamstrings to perform the knee joint angle 
replication.
It is also suggested by the researchers to investigate eccentric hamstring fatigue at 
different isokinetic velocities, as well as to define fatigue at a different percentage decline 
in maximum peak torque. Furthermore, to specifically define the sample population to 
target, looking at either a more broad or narrow spectrum o f participants. In addition, a 
larger sample size is recommended to increase the validity of the study.
Conclusion
The results of this study were unable to reject the null hypothesis that eccentric 
hamstring fatigue would have no effect on a person’s ability to reproduce a knee joint 
angle. In fact, a slight improvement in angle reproduction was noted following the 
eccentric fatigue protocol for the hamstrings. As explained earlier, this improvement was 
not statistically significant and may be due to a lack of sufficient eccentric hamstring 
fatigue or an increase in neuromuscular awareness. Previous research has established that 
both joint and muscle mechanoreceptors play a role in the ability to accurately reproduce
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a specific joint angle. However, relative contributions o f each remain unknown, 
especially in the complex movements during sporting activities.
Additional results o f  this study found that males performed on average 11 more 
repetitions than females before achieving a 20% decline in maximum peak torque for the 
hamstring musculatiure. This result has possible clinical implications that males may 
need to perform an increased number of eccentric hamstring repetitions to achieve the 
same level o f fatigue as the female population. This may be evident when establishing a 
rehabilitation protocol for the ACL which often incorporates eccentric hamstring 
strengthening exercises.
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APPENDIX B.
MEDICAL QUESTIONNAIRE
Demographic Information
Last N am e.
Address__
City______
First Name
Apt. # .
Daytime Phone # (_ 
Birth Date:
State___________ Zip C ode.
Evening Phone # f )
/ Age:_ Gender: □  Male □  Female
Past Medical History
Please check the appropriate box for the following conditions listed below. YES______ NO
1. Hip or knee injury within the last 12 months requiring medical attention?..................... □  □
2. Any surgical procedure involving the knee, including reconstructions,
arthroscopic procedures, fascial releases, or tendon re-alignments..........................□  □
3. Any knee joint replacement?.................................................................................................. □  □
4. Any surgical procedure involving the lumbar region, including laminectomy
or fusion?.........................................................................................................................□  □
5. Any acute lower back injury within the last 12 months o f a discogenic nature
requiring medical attention?.......................................................................................... □  □
6. Any current acute musculoskeletal condition, including muscle strains,
ligament sprains, tendinitis, or bursitis o f the hip, knee, or ankle?.......................... □  □
7. Any known neurological deficits or sensory changes in the lower extremity?............... □  □
8. Any injury to the CNS, spinal cord, or PNS?...................................................................... □  □
9. Any known chronic medical condition that might effect the normal
response to exercise?......................................................................................................□  □
10. Any cardiopulmonary condition that might effect the normal response
to exercise, excluding asthma?...................................................................................... □  □
I acknowledge that the information provided above is accurate to the best o f  my knowledge. In the event 
o f any information is falsified, 1 will be excluded from this research design. I also understand that the 
above information will be kept confidential and will be identified by a coding system.
Participant Signature Date
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APPENDIX C.
INFORMED CONSENT TO PARTICIPATE
Grand Valley State University Department o f Physical Therapy study the effect of 
eccentric muscle fatigue of the hamstrings on knee joint proprioception.
Investigators: Kenneth M. Arends, Scott T. Miller, and John T. VanderMaas 
Chairperson: Barb Hoogenboom, M.H.S., P.T., S.C.S., A.T.,C.
I , the volunteer participant, understand that I am agreeing to participate in a physical 
therapy graduate study research designed to study the effect o f eccentric fatigue o f the 
hamstring muscle group on knee joint proprioception. This study will add to the existing 
knowledge o f treatment protocols used in the rehabilitation of the knee.
I also understand that:
1. participation in this study is subject to eligibility based on the predetermined 
exclusion criteria data, which includes a physical exam and a medical history 
questionnaire.
2. participation in this study will involve a one hour session consisting o f  a 
warm-up, a pretest blindfolded proprioception measurement, a posttest 
blindfolded proprioception measurement, and a cool down. Those participants 
randomly selected into the experimental group will be asked to undergo an 
additional component involving the muscle fatigue protocol o f the hamstrings.
3. it is not anticipated that this study will lead to any physical or emotional risk to 
myself, however, participants selected into the experimental group may 
possibly experience a minimal amount o f delayed onset muscle soreness 0-3 
days following the testing session.
4. the information that I provide will remain strictly confidential and the data will 
be coded so that identification o f individual participants will not be possible.
5. a  summary of the results will be made available to me upon my request.
6. in the event o f an injury in the course of this study, I understand that it will be 
my responsibility to seek medical attention through my family physician.
7. because my participation is voluntary, in the event o f an injury in the course of 
this study, I understand that the investigators. Grand Valley State University, 
Rehabilitation Professionals/Saint Mary’s Hospital or any affiliates will not be 
held liable.
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Consent form page 2 o f 2 
I acknowledge that:
“I have been given an opportunity to ask questions regarding this research study, 
and that these questions have been answered to my satisfaction.”
“In giving my consent, I understand that my participation in this research study is 
of a voluntary nature and that I may withdraw at any time. I also understand that 
the researchers may terminate my participation in this research study at any time 
after they have explained the reason for doing so.”
“I hereby authorize the investigators to release the information obtained in this 
research study to scientific literature. I understand that I will NOT be identified 
by name.”
“I have been given a contact name and phone number so that I may contact the 
investigators at any time if  I have any questions or concerns. Scott Miller, the 
primary research contact, will be available at (616) 677-2753 or by pager at (616) 
338-1856. 1 may also contact the Chair of the Research Committee, Barb 
Hoogenboom, at Grand Valley State University, phone number (616) 895-3356, 
or Paul Huizenga, Head of Human Subjects Review, at Grand Valley State 
University, phone number (616) 895-2472.”
“1 have explained to  the purpose of the research study,
the study procedures, and the possible risks, discomforts, and benefits to the best o f  my 
ability.”
Investigator Date
“1 confirm that either Ken Arends, Scott Miller, or John VanderMaas has explained to me 
the purpose o f the research study, the study procedures, and the possible risks, 
discomforts, and benefits that 1 may experience. 1 have read and understand this consent 
form. Therefore, 1 give my consent to participate as one of 60 participants in this 
research study as described above.”
Participant Date
Witness to Signature Date
Q  If checked, 1 am interested in receiving a summary of the study results.
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APPENDIX D.
TOTAL COMBINATIONS FOR TESTING CATEGORIES
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APPENDIX E.
MASTER TESTING SCHEDULE
Example: T R _1__ 2_
1st digit = Group Assignment: T = Treatment Group and C = Control Group 
2nd digit = Limb Assignment: R =  Right Leg and L = Left Leg 
3rd digit = Proprioception Pre-Test Angle Combination (See below)
4th digit = Proprioception Post-Test Angle Combination (See below)
Proprioception Testing Angle Combinations 
Combination 1: 25° - 45° - 65° Combination 2:
Combination 3: 45° - 25° - 65° Combination 4:
Combination 5: 65° - 25° - 45° Combination 6:
25° - 65° - 45° 
45° - 65° - 25° 
65° - 45° - 25°
Appt. 
No. Date
Appt.
Time Code Category
1.
2 .
3.
4.
5.
6 .
7.
8 .
9.
10. 
11. 
12.
13.
14.
15.
16.
17.
18.
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
T R l  2 
T L  1 3 
C R l  4 
C L  1 5 
T R l  6 
T L 2  1 
C R 2 3  
C L 2 4  
T R 2 5  
T L 2 6  
C R 3  1 
C L 3 2  
T R 3 4  
T L 3  5 
C R 3 6  
C L 4  1 
T R 4 2  
T L 4 3
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No.
Appt.
Date
MASTER TESTING SCHEDULE
Page 2 o f 3
Appt.
Time Code Category
19.
20. 
21. 
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
C R 4 5  
C L 4 6  
T R 5  1 
T L 5 2  
C R 5 3  
C L 5 4  
T R 5 6  
T L 6  1 
C R 6 2  
C L 6 3  
T R 6 4  
T L 6 5  
C R l  2 
C L  1 3 
T R l  4 
T L  1 5 
C R l  6 
C L 2  1 
T R 2 3  
T L 2 4  
C R 2 5  
C L 2 6  
T R 3  1 
T L 3 2  
C R 3 4
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No.
Appt.
Date
MASTER TESTING SCHEDULE
Page 3 or 3
Appt.
Time Code Category
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
C L 3  5 
T R 3  6 
T L 4  I 
C R 4 2  
C L 4 3  
T R 4 5  
T L 4 6  
C R 5  1 
C L 5 2  
T R 5 3  
T L 5 4  
C R 5 6  
C L 6  1 
T R 6 2  
T L 6 3  
C R 6 4  
C L 6 5
1.
2 .
3.
4.
5.
6.
PILOT STUDY
_am/pm POOl
_am/pm
_am/pm
_am/pm
_am/pm
_am/pm
P002
P003
P004
P005
P006
T R l  2 
T L  1 3 
C R l  4 
C L  1 5 
T R l  6 
T L 2  1
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APPENDIX F.
GONIOMETRIC ALIGNMENT AND BIODEX® PARAMETERS
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APPENDIX G.
Introduction: “W elcome First off, we w ould like to ± an k  you again for taking
time to participate in our research study to investigate the effects o f  ham string 
fatigue as it relates to knee injury”
Administer the Medical Questionnaire: “Since w e have already recorded som e o f  
your past medical history over the phone, please fill out the demographic 
information at the top o f  the page and review  the medical hx. information for 
accuracy. Please sign and date at the bottom o f  the page.”
Review Procedure/Answer Questions: “The purpose o f  this study is to investigate 
proprioception, or your ability to  accurately reproduce different knee jo in t angles 
before and after eccentric hamstring muscle fatigue. In simple lay terms, an 
eccentric contraction is when the muscle contracts while lengthening, as opposed 
to the muscle shortening.” (Example: negative biceps curl). “Any questions at 
this point?” “The testing procedure will involve a  quick physical screen to ensure 
adequate jo in t ROM  at the hip, knee and ankle. W e will then identify bony 
landmarks at the knee and ankle for accuracy and consistency in the testing set-up. 
According to the randomization process, you have been placed into the [Treatm ent 
or Control] group.”
I f  Treatment Group, read the following: “W e will have you ride the 
Airdyne stationary bike for 10 mins. at a  moderate pace to properly warm  
up your muscles. You will then be given an opportunity to stretch out. 
Following that, you will be seated in the Biodex chair where the baseline 
proprioception measurements will be taken. Next, we will run you through 
the hamstring fatigue protocol. Immediately following, a sim ilar set o f  final 
proprioception measurements will be taken. The session will end w ith a 
cool down ride on the Airdyne for 10 mins. Any questions at this point?”
I f  Control Group, read the following: “W e will have you ride the Airdyne 
stationary bike for 10 mins. at a moderate pace to properly warm  up your 
muscles. You will then be given an opportunity to stretch out. Following 
that, you will be seated in the Biodex chair where the baseline 
proprioception measurements w ill be taken. Next, we will run you through 
the passive limb movement protocol. This requires no muscle contraction 
on your behalf. Immediately following, a similar set o f  final 
proprioception measurements will be taken. The session will end w ith a 
cool down ride on the Airdyne for 10 mins. Any questions at this point?”
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Sign Consent Form: “Please read through this consent form, sign and date at the 
bottom o f  the second page. I will w itness the signature. I f  you are interested in 
receiving a summary o f  the study results, please check the box at the bottom, 
otherwise you can leave it blank.”
Functional Squat Test/I.D. Bonv Landmarks: “Please place your feet at shoulder 
width apart, keeping heels on the floor, squat down as far as you can go.” [Give 
demonstration if  necessary]
[Circle the lateral femoral condyle and place hash m ark 2” proxim al to the inferior 
aspect o f  the medial malleoulus]
Airdvne Bike Ride - W arm Up: “Try to ride at a consistent pace holding the 
RPM ’s around 50 or the workout level at 2.” [W hile on bike, check set-up o f 
Biodex for correct knee]
Biodex Set-up: [See Biodex Set up Procedure Sheet]
Baseline Proprioception Measurements: “During this phase o f  the testing, you will 
be blindfolded and we will have you place your hands in your lap. W e will begin 
by placing your knee in the starting position and then passively move your leg to a 
pre-determined angle and hold it there for 10 seconds. W e will return your leg to 
the original starting position, and you w ill be instructed to move your leg until you 
feel that you have reached the same pre-determined position. A t that time, please 
push the red kill switch to lock the arm. W e will repeat this same procedure two 
more times. Any questions at this point?”
Actual Testing:
“Here is the starting position...here is the target angle, locked” [Hit the 
“Stop” button to lock the arm. Silent 10 sec. timing], [Hit the “Start” button 
to unlock the arm ]... “returning to the starting position...please reproduce 
that angle and hit the kill switch.”
[Repeat X 2] [Remove the blindfold]
Fatigue Protocol (Treatment Group Qnlv): “During these instructions, ju s t let the 
machine move your leg. The instructions are as follows: W e will start w ith a 
warm-up by having you perform 5 sub-maximal contractions, which means you 
will resist about 50% o f  how hard you feel you can pull against the bar. Next, you 
will perform 3 maximal contractions, w hich means you will resist the bar as hard 
as you possibly can, as if  you were going to  try and stop the bar. You w ill resist 
the bar by pulling your heel back when the bar is going forward and up and relax 
when the bar is going down and back. This will help familiarize you to the 
Biodex. Any questions???....
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Fatigue Protocol (Treatment Group Only): Continued
Please perform the 5 sub-m ax reps on go....GO...[after 5]...reiax...Piease perform 3 
max. reps on go...GO...[after 3]...relax and let the machine move your leg. You 
will have a 1 minute rest period [Select “Run Test].It is very important that 
during the test, you give a maximal effort each time the bar moves forward 
and up. We will not be giving you any type o f  coaching or cheering during the 
actual testing. W e will let you know when to start and stop. I will start you by 
saying “On your mark, get set, go” and again, it is very important that during the 
test, you give a maximal effort each tim e the bar moves forward and u p .. ..[after 1 
minute, hit the “Space Bar” at the time the leg reaches the top o f the extension 
range]...”On your mark, get set, GO.” [after 20% reduction i f  max. peak 
torque]...”STOP!” [hit kill switch, h it “ESC” button, hit “ESC” button]
[Turn control knob to Set-up] “Please pull your leg all the way back” [Anatomical 
Reference =  90°] *** Go to Final Proprioception Measurements
Passive M ovement Protocol (Control Group): “During these instructions, just let 
the machine move your leg. The instructions are as follows: As part o f  the 
Control Group, you will not be required to contract your muscles. Your leg will be 
passively moved by this machine for a  predetermined time frame. During this 
time, we ask that you do not provide any resistance to the bar. Just let the machine 
do all the work. Do you have any questions?” [time for I minute and then count 
44 reps] [Hit “Stop Button”, Turn control knob to Set-up] “Please pull your leg 
all the way back” [Anatomical Reference =  90°] *** Go to Final Proprioception 
Measurements
Final Proprioception M easurements: “This will be the same procedure as before.” 
Actual Testing:
“Here is the starting position...here is the target angle, locked” [Hit the 
“Stop” button to lock the arm. Silent 10 sec. timing], [Hit the “ Start” button 
to unlock the arm ]... “returning to the starting position...please reproduce 
that angle and hit the kill switch.”
[Repeat X 2] [Remove the blindfold]
Airdvne Bike Ride - Cool Down: “Again, please try to ride at a consistent pace 
holding the R PM ’s around 50 or the workout level at 2.”
Final Instructions: “Here is an instruction sheet on proper stretching techniques, 
which will help in relieving any potential post-exercise muscle discomfort. Please 
follow the instructions. Thank you again for participating in our study.” [if they 
checked the box wanting summ ary]...’’Once we have analyzed the data, we will 
send these to you via [e-mail, mail box or postal service]”
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APPENDIX H.
DATA COLLECTION SHEET
Proprioception Testing An^ie Combinations
Combination 1: 25° - 45° - 65° Combination 2:
Combination 3: 45° - 25° - 65° Combination 4:
Combination 5: 65° - 25° - 45° Combination 6;
25° - 65° - 45° 
45° - 65° - 25° 
65° - 45° - 25°
Testing Target Starting Replicated Angle
Order Angle Angles Angles Difference
1 - 2 - 3 Angle #1 (25°) O O + o
1 - 2 - 3 .Angle #2 (45°) O 0 4- - o
1 - 2 - 3 Angle #3 (65°) o o 4“ - o
Peak Torque/Fatisue M easurements (Tor Treatment Groun Onlv)
*** See next page ***
Post-Treatment Proprioception M easurements
Testing Target Starting Replicated Angle
Order Angle Angles Angles Difference
1 - 2 - 3 Angle #1 (25°) O 0 4- o
1 - 2 - 3 Angle #2 (45°) 0 o 4” o
1 - 2 - 3 Angle #3 (65°) o o 4" - o
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Peak Torque/Fatigue Measurements (For Treatment Group Only)
Torque 
Rep.# (ft.-lbs.)
1_____ ______
2 _______
3 ________
4 ________
5 ________
6 _______
7 ________
8 ________
9 ________
10 ______
11 ________
12 ________
13_____ ________
14_____ ________
15_____ ________
16 ________
17_____ ________
18 ________
19_____ ________
20 _______
21 ________
22 ________
23 ________
24 ________
25 ________
26 ________
27 ________
28 ________
29 ________
30 ________
Torque 
Rep.# fft.-lbs.)
31 ________
32 ________
33 ________
34 ________
35 ________
36 ________
37 ________
38 ________
39 ________
40 ________
41 ________
42 ________
43 ________
44 ________
45 ________
46 ________
47 ________
48 ________
49 ________
50 ________
51 ________
52 ________
53 ________
54 ________
55 ________
56 ________
57 ________
58 ________
59 ________
60 ________
Torque 
Rep.# fft.-lbs.)
61 _______
62 _______
63 _______
64 _______
65 _______
66 _______
67 _______
68 _______
69 _______
70 _______
71 _______
72 _______
73 _______
74 _______
75 _______
76 _______
77 _______
78 _______
79 _______
80 _______
81 _______
82 _______
83 _______
84 _______
85 _______
86 _______
87 _______
88 _______
89 _______
90 _______
Torque 
Rep.# fft.-lbs.)
91 _______
92 _______
93 ________
94 _______
95 ________
96 ________
97 _______
98 ________
99 ________
100 ________
101 ________
102 ________
103____ ________
104____ ________
105____ ________
106 ________
107____ ________
108 ________
109____ ________
110 ________
1 11 ________
112 ________
113____ ________
114____ ________
115____ ________
116 ________
117____ ________
118 ________
119____ ________
120 ________
Avg. Max. Peak Torque:_____
(Avg. highest 3 o f first 5 reps)
Termination Peak Torque:_ 
(@ 20% decline)
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APPENDIX I.
INSTRUCTION SHEET FOR HOME MANAGEMENT TECHNIQUES
Hamstring Stretch 1
m P  and KNEE-33
Hamstring WaU Stretch .
Lying on floor with involved
leg on wall and other
through doorway, \ \
scoot buttocks toward
wall until a stretch is felt
in back of thigh. As leg
relaxes, scoot closer to walL
Hold 15-30 seconds \  \ \  "
Repeat 5 times each leg
Do 2-3 sessions per day
Note: THERE SHOULD BE NO PAIN FELT WITH THIS EXERCISE.
Quadriceps Stretch |
HIP and KNEE-37  
Quadriceps Stretch
Pull heel toward buttock 
until a stretch is felt in 
the front of t h i ^
Hold 15-30 seconds
Repeat 5 times
Do 2-3 sessions per day
Note: THERE SHOULD BE NO PAIN FELT WITH THIS EXERCISE. 
Used with permission from NovaCare Out-patient Rehabilitation, Standaie, Michigan.
